Spray drying is a basic unit operation in several process industries such as food, pharmaceutical, ceramic, and others. In this work, a Eulerian-Lagrangian three-phase simulation is presented to study the drying process of barbotine slurry droplets for the production of ceramic tiles. To this end, the simulated velocity field produced by a spray nozzle located at the Institute of Ceramic Technology in Castelló (Spain) is benchmarked against measurements obtained by means of laser Doppler anemometry in order to validate the numerical model. Also, the droplet size distribution generated by the nozzle is obtained at operating conditions by means of laser diffraction and the data obtained are compared qualitatively to those found in the literature. The droplet size distribution is introduced thereafter in the three-phase simulation to analyse the drying kinetics of individual droplets. The model predicts the theoretical linear evolution of the square diameter (D 2 -law), and the temperature and mass exchange with the environment. The proposed model is intended to support the design and optimization of industrial spray dryers.
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Spain is one of the major producers of ceramic tiles, along with countries such as Italy, Brazil, China, India, and Turkey. Nonetheless, ceramic tile production is the biggest economic sector in the province of Castelló (eastern Spain), with significant growth prospects in the upcoming years. To put this into perspective, the sector registered a total production of 530,000,000 m 2 in 2017 (an 8% increase with respect to 2016) with sales reaching €3,520 million in 2017 (a 7% increase with respect to 2016). Exports to other European countries, on the other hand, accounted for 47% of the sales in the same period [5] . Thus, the continuous application of new technology to improve the unit operations involved in the tile manufacturing process will substantially help in this context of competitiveness and economic relevance for the neighbouring social community.
As depicted in Figure 1 , the manufacturing process begins with the quarrying, milling and mixing (1) of the raw materials in specific proportions, e.g. sand, white clays, talc, feldspar, calcite, kaolinite, and dolomite. Water is then added to the ceramic mixing (2) so as to form a slurry which is fed into the spray dryer (3) . The output is a dry ceramic powder with a certain amount of residual moisture, which will be pressed (4) to the desired shape and subsequently dried and sintered (5) . Finally, ornamental motifs are added to the final product (6) .
Given the complex character of the multiphase flows involved in the spray drying process, the application of experimental methods at operating conditions is limited by whether they interfere or not with the flow itself. Therefore, accurate numerical models are needed in order to describe the hydrodynamics, drying kinetics and other relevant features of both the spray and the drying agent. The application of Computational Fluid Dynamics (CFD) offers a powerful and viable gateway to expand the knowledge on the multiphase transport phenomena taking place within an industrial spray dryer, and thus, to gain control over the process. Most of the previous reported studies consulted focus on the steady-state contours of diverse operating parameters within the vessel, including velocity, humidity, and concentration of solid particulate material. In this direction, Kieviet [6] obtained CFD-simulated maps of velocity and humidity within a co-current dryer as well as residence time distributions of spray droplets. Although validation of numerical models remains a hard task, Kieviet [6] also compared satisfactorily the numerical velocity and humidity profiles inside the dryer with those obtained experimentally by using hot wire anemometry and an own-designed humidity sensor. Similarly, Ali et al. [7] developed a Eulerian-Lagrangian multiphase CFD simulation of a counter-current dryer and obtained solid phase concentration maps and residence time distributions of the discrete phase. Straatsma et al. [8] and Salem et al. [9] simulated the humidity and temperature contours of a co-current spray dryer to reduce fouling and adjust the energy consumption. Other reported studies focussing on the flow patterns of gas only and multiphase flow within the dryer including the effect of various geometric features are those of Langrish et al. [10] , who studied the effect of the spray opening angles; Southwell and Langrish [11] , who observed a fluctuation pattern in the flow, the spinning of which along the longitudinal axis of the vessel switches from clockwise to anti-clockwise; and Xiao et al. [12] , who checked the dispersion behavior of a spray nozzle generating uniform sized particles.
The possibility of expanding CFD models by linking the drying kinetics of single droplets, namely the characteristic drying curve (CDC) and the Reaction Engineering Approach (REA), was first pointed out by Woo et al [13] in a review. Since then, a number of CFD models in the literature have included the drying kinetics of the discrete phase with a high degree of fidelity. Following that, Mezhericher et al. [14] linked a drying model previously tested with droplets in still air with a Eulerian-Lagrangian model of a co-current spray dryer. The drying kinetics was hooked to a steady-state CFD simulation using user-defined functions (UDF). The authors obtained data on the temperature, moisture content, and mass of silica slurry droplets on plots featuring droplet trajectories. The result is thus, an accurate overview of the moisture content within the dryer. However, the transient evolution of any of those variables, which would be needed to check the degree of fidelity with the theoretical temperature evolution, was omitted because of the steady-state character of their solution. Also, Tran et al. [15] linked a reduced single droplet drying (SDD) model to a CFD simulation set-up and obtained profiles of the change in water mass fraction of droplets with the vertical distance from the nozzle by using a steady-state solver. Jubaer et al. [16] compared both the perfect shrinkage and the linear shrinkage models in a transient CFD simulation to predict particle size distribution within the vessel, residence time, and particle stickiness using the concept of Discrete Particle Model (DPM) parcels.
The latter authors reported the transient behavior of the water mass fraction and the stickiness criterion in the parcels, but neither the transient evolution of the droplet temperature nor their change in diameter with time was shown and compared to the theoretically and experimentally predicted behavior.
Furthermore, a number of CFD simulations have been used to solve specific issues of the operation of spray dryers such as particle agglomeration and wall deposition. For instance, Anandharamakrishnan et al. [17] used a Eulerian-Lagrangian CFD simulation to study the residence time distribution and trajectories of spray particles in order to determine the particle sticking rate on the walls of an industrial dryer, since it may result in costly maintenance operations and hazardous situations; Woo et al. [18] studied the deposition of cotton tufts on the dryer walls; Jaskulski et al. [19] included a description of particulate material collision and agglomeration in their model and obtained maps of particle diameter and temperature within the vessel. Fletcher et al.
[20], Guo et al. [21] , and Roustapour et al. [22] , also applied the lagrangian approach to study the hydrodynamics of the multiphase flow inside a spray dryer, although omitting the transient diameter and temperature evolution of individual droplets as well as the crust formation.
In summary, the obtaining of velocity, humidity, and temperature fields as well as [23] [24] [25] . This work aims thus, at leveraging the capabilities of CFD in order to observe the drying kinetics of multiphase droplets upon the conditions found inside an industrial spray dryer, and not only the theoretical knowledge derived from experimental methods used upon said ideal experimental conditions.
The development of the multiphase Eulerian-Lagrangian model presented in this work is summarized in Figure 2 . The droplet size distribution generated by the spray nozzle is measured by laser diffraction analysis following the methodology described in section 3.1 and subsequently introduced in the three-phase simulation of the spray jet, the numerical methodology of which is described in section 3. The interplay between trajectory and individual droplet drying behavior presented in this work can be used in the future as a powerful tool to select the dimensions of the spray dryer and the temperature and humidity conditions of the drying agent, adding to the general effort towards minimising energy consumption, particularly in the case of ceramic tile manufacturing.
Theoretical background
The evaporation of droplets follows the D 2 -law, which was first developed assuming quiescent air in the surroundings of the droplet, but has proved to hold also when there is a certain relative velocity between the drop and the drying agent [23] .
Several assumptions are considered for the derivation of the D 2 -law. Firstly, the evaporation occurs at quasi-steady regime, that is to say, the velocity of the vapour leaving the drop is significantly greater than the velocity at which the liquid-gas interface, i.e. the surface of the droplet, changes during the evaporative process.
Secondly, the concentration of the species in the boundary layer formed in the vicinity of the gas-liquid interface matches the saturation conditions. Finally, the temperature of the droplet, the densities of both the gas and the liquid phase, and the diffusion coefficient are assumed to remain constant during the process.
Upon these conditions, one can express the mass flux of evaporating component in the radial dimension by the following Eqn. (1), which establishes that the flow rate of vapour of a certain component A in the liquid droplet leaving the surface of the droplet at a radial distance from the droplet surface ̇( ) is the result of adding two terms, the first one of which accounts for the mass transfer caused by advection, and the second describes the Brownian diffusion caused by the concentration gradient of the particular species being considered
where denotes the mass fraction of the component A at the droplet surface, represents the density of the vapour phase, and is the binary diffusion coefficient of the component A in air.
Elaborating on Eqn. (1), one arrives to the following first order ordinary differential
the solution of which considering the boundary condition ( → ∞) = ,∞ is
where , is the mass fraction of the component A at the gas-liquid interface, i.e. the surface of the droplet, and is the diameter of the droplet.
The mass flow rate of vapour into the surroundings ̇ can now be isolated from Eqn. (3) as
where the Spalding mass transfer coefficient is defined as
One can now equate the flow rate of evaporated mass ̇ to the rate of change of the mass of the droplet as
where is the density of the droplet, and is the evaporation time.
The following differential equation (Eqn. 7) is obtained by combining Eqns. (4) and (6).
Eqn. 7 relates the change in diameter of the droplet during the evaporation time with the properties of the fluids involved and the conditions far away from the gas-liquid interface:
Its solution gives us the D 2 -law as
Where the subscript 0 denotes the droplet diameter when the evaporation starts and is the evaporation rate.
The D 2 -law predicts, thus, a linear evolution of the square diameter of the droplet with time, i.e. the Constant Rate Period or CRP, which takes place at constant temperature (wet bulb temperature). Once a crust is formed on the droplet surface due to the presence of the solid phase, the diameter remains constant and a significant increase in temperature occurs due to sensible heat transfer from the surrounding gas to the droplet, i.e. the Falling Rate Period or FRP. This behavior has been reproduced in the present simulations. The D 2 -law will therefore be used to compare qualitatively the numerical data obtained in this work with the theory.
In the case of droplets within air in non-quiescent conditions, which is the case inside the pilot-scale spray dryer, the evaporation rate must be corrected by using the Frössling correlation, which reads
to obtain the evaporation rate upon non-quiescent conditions , being the Reynolds number of the gas phase defined as
where ∞ represents the velocity of the surrounding air far away from the surface of the droplet, and and µ are the density and the dynamic viscosity of the gas phase, respectively.
Methods.
Two experimental set-ups have been used in this work in order to: 1) complement the simulation by determining the droplet size distribution generated by the nozzle of the pilot-scale spray dryer, which was introduced in the CFD set-up, and 2) validate the velocity field obtained numerically by comparison against the experimental measurements obtained by means of Laser Doppler anemometry (LDA).
The numerical approach is described in subsection 3.3.
Droplet size distribution (Laser Diffraction Analysis)
Measurements of the droplet size distribution generated by the spray nozzle were undertaken using a laser diffraction device (Malvern Spraytec 2600). Two values of values. The signal processor FVA 58N40 and the software Floware TM were used to analyse the data. The measurement points were selected in a sufficient number so as to reconstruct the structure of the jet.
Pressurized air from the lines available in the laboratory at 0.5 bar gauge pressure was fed into the nozzle. Before the LDA experiments, water at a flow rate of 0.41 l/min was also circulated from a reservoir in the same laboratory and injected into the spray nozzle in order to obtain CCD images of the jet, with the objective of determining the measurement points of interest (one of these images has been included in Figure 3 ).
The nozzle, along with its auxiliary equipment were placed outside the lab-scale dryer to avoid the effect of its opaque walls. The inset CCD photograph of the jet shows a distinction between a denser area of droplets and its surroundings. The measurement spots were all selected inside the dense part of the jet (up to 20,000 measurements in each measurement spot). at a flow time =1.5 s were used as initial conditions ( Figure 5 ). The turbulence model selected is the k-ε. Other complex phenomena such as particle collision, coalescence and secondary breakup are omitted. The option fully coupled is selected to describe the momentum exchange between the continuous and the discrete phase.
The Ranz-Marshall model was the option selected to describe heat transfer. The simulation set-up described here gave way to values of the residuals (RMS) below 10 -3 in the three meshes used ( Figure 6 ). The medium mesh was used thereafter as a trade-off between accuracy and computational time.
Results and discussion
Droplet size distribution.
Each laser diffraction experiment described in Table 1 was performed three times to determine the droplet size distribution generated by the nozzle. The results of the repeatability analysis are presented in Table 2 .
The relative error in Table 2 is defined as the range between the maximum and the minimum value divided by the average of the three repetitions (denoted as ̅̅̅̅̅̅ ).
Good repeatability is achieved, with the maximum relative error being 2.28% for experiment #5. The results of the repeatability analysis allow to conclude that the experimental methodology applied for the determination of the droplet size distribution was consistent and reliable.
To facilitate the comparison between the data obtained, the results of the laser diffraction analysis were plotted against the vertical distance from the nozzle (height from nozzle) in subplot a included in Table 2 , which also includes the effect of the pressure; and against the liquid flow rate in subplot b (also in Table 2 ). In both subplots a shaded area has been included with the same colour as the markers in order to gather data points obtained upon similar parameters. Two series of data, corresponding to the pressure levels considered in the experiments, are plotted in Table 2 , which allow to conclude that greater air pressure causes greater break-up, implemented in the CFD model. The probability histogram and its corresponding cumulative curve is depicted in Figure 7 , which also shows the parameters of the curve fitting to a Rosin-Rammler distribution, with an 2 coefficient equal to 0.997.
Validation of the CFD hydrodynamics.
Values of both the axial and radial velocity were obtained at different locations by using the experimental methodology and the numerical set-up described in sections 3.2 and 3.3, respectively. Figure 8 shows 
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